in. 2 The abbreviations used are: CHD, coronary heart disease; CETP, cholesteryl ester transfer protein; CE, cholesteryl ester; MD, molecular dynamics; NMA, normal mode analysis; PL, phospholipid; COM, center of mass; ANMA, anisotropic network model analysis.
Cholesteryl ester transfer protein (CETP) mediates the transfer of cholesteryl esters (CEs) and triglycerides between different lipoproteins. Recent studies have shown that blocking the function of CETP can increase the level of HDL cholesterol in blood plasma and suppress the risk of cardiovascular disease. Hence, understanding the structure, dynamics, and mechanism by which CETP transfers the neutral lipids has received tremendous attention in last decade. Although the recent crystal structure has provided direct evidence of the existence of strongly bound CEs in the CETP core, very little is known about the mechanism of CE/triglyceride transfer by CETP. In this study, we explore the large scale dynamics of CETP by means of multimicrosecond molecular dynamics simulations and normal mode analysis, which provided a wealth of detailed information about the lipid transfer mechanism of CETP. Results show that the bound CEs intraconvert between bent and linear conformations in the CETP core tunnel as a consequence of the high degree of conformational flexibility of the protein. During the conformational switching, there occurred a significant reduction in hydrophobic contacts between the CEs and CETP, and a continuous tunnel traversing across the CETP long axis appeared spontaneously. Thus, our results support the recently proposed "tunnel mechanism" of CETP from cryo-EM studies for the transfer of neutral lipids between different lipoproteins. The detailed understanding obtained here could help in devising methods to prevent CETP function as a cardiovascular disease therapeutic.
Coronary heart disease (CHD) 2 is one of the prime causes of an increase in the mortality rate worldwide. Over the past few years, various epidemiological studies have provided ample evidence that increased levels of HDL, by transporting cholesterol from atherosclerotic plaques to liver for excretion, can arrest the progression of CHD (1, 2) . Subsequent preclinical studies on overexpression of apolipoprotein A-I (apoA-I), the major protein constituent of HDL, have reported significant reduction in CHD risk (3, 4) . Although raising HDL levels is a longstanding strategy for mitigating CHD risk, the current lipid-targeted therapies, including the usage of statins, fibrates, and niacin, have shown reduced therapeutic potential (5) (6) (7) . Hence, there is a continuous requirement for new strategies that can elevate HDL levels to halt the progression of CHD.
Cholesteryl ester transfer protein (CETP), a plasma glycoprotein with 476 residues, has been found to mediate the transfer of cholesteryl esters (CEs) from HDL to LDL and VLDL as well as the reciprocal transfer of triglycerides (TGs) from LDL and VLDL to HDL (8, 9) . The identification of deficient CETP gene levels and correlated high HDL levels in a Japanese population (10 -13) brought CETP into focus as a therapeutic target for controlling HDL levels. Preclinical animal model studies have further substantiated these findings by showing an elevated level of HDL in mice with non-expressing CETP (14 -16) . Since then, the inhibition of CETP activity by small molecule inhibitors has been pursued as an active approach to prevent atherosclerosis with varying levels of success at clinical trial phases (17) (18) (19) (20) . Given the complexity of lipid metabolism and the pivotal role of CETP in the process, understanding CETP structure, CETP inhibition, and the mechanism by which CETP transfers neutral lipids is of prime importance. The last decade, therefore, has seen the employment of sophisticated techniques, like cryo-EM (21, 22 ), x-ray (23, 24) , and MD simulations (25-28) on this front. Nevertheless, the story of CETP remains far from complete.
The crystal structure of CETP (Protein Data Bank entry 2OBD) has been solved with four bound lipid molecules (23) . The structure shows two ␤-barrel domains at the N and C termini, each with a twisted ␤-sheet and a long ␣-helix; a central ␤-sheet between the two ␤-barrels; a C-terminal ␣-helix; and a 60-Å-long hydrophobic tunnel occupied by two CE molecules. Additionally, there were two plug-in dioleoylphosphatidylcholine molecules with polar headgroups exposed to plasma and acyl chains buried in the hydrophobic tunnel of CETP. Interestingly, one of the CEs in the hydrophobic tunnel was in the bent conformation, whereas the second CE molecule was in the linear conformation. Recent cryopositive staining EM and optimized negative-staining electron microscopy (OpNS-EM) protocols combined with CETP C terminus-specific polyclonal antibody studies have suggested that CETP penetrates its C-terminal ␤-barrel domain into LDL or VLDL and its N-terminal ␤-barrel domain into HDL to form a ternary complex (21) . Further, it was suggested that the aforementioned long continuous hydrophobic tunnel that traverses along the long axis of CETP can connect to the core of HDL and LDL simultaneously to facilitate the transfer of CEs and TGs between the lipoproteins.
Thus, crystal structure has provided a wealth of information about the structure of CETP and the nature of binding of CEs in CETP. However, due to the inherent limitations of the technique, a dynamic phenomenon, such as the time evolution of the protein conformation and its bound substrates, CEs, could not be captured. State-of-the-art molecular dynamics (MD) simulations can capture short to large scale dynamic processes by mapping the interatomic interactions at a resolution as high as 1 fs. Hence, in this study, we have employed multimicrosecond-long atomistic simulations to explore the dynamics of CETP and its bound substrates and to understand the mechanism of lipid transfer by CETP. We have observed high degrees of conformational flexibility of CETP and bound CEs as well as the frequent interconversion of the CEs between the bent and linear conformations, which resulted in the formation of a continuous hydrophobic tunnel spanning the length of CETP.
Results and Discussion
In MD simulations, it is important to ensure that the system is well equilibrated before analyzing the simulation trajectory. A simple strategy is to monitor the mean square displacements of the protein residues from their initial positions. Hence, we plotted the time evolution of the root mean square displacements of C ␣ atoms of CETP, which is shown in supplemental Fig. S1 . The figure depicts the convergence of root mean square displacements only at 130 ns, demonstrating the necessity of long simulation for equilibration. In fact, such a long simulation time is expected, considering the large molecular size of CETP and the intrinsic dynamics of bound lipid molecules in CETP. However, once equilibrated, CETP maintained stability throughout the simulation.
CETP-bound CE Shows Conformational Switching in Nano-
to Microsecond Time Scales-Although CETP displayed considerable stability after equilibration, visual inspection of simulation trajectory revealed an interesting conformational switching of the core lipids, CEs, in the hydrophobic tunnel of CETP. Particularly, the N-terminal CE, CE N , exhibited frequent interswitching between the bent and linear conformations, although the C-terminal CE, CE C , maintained a linear conformation throughout the 1-s simulation run. Recall that in the solved CETP crystal structure, CE N was in the bent conformation, whereas CE C was in the linear form, as shown in Fig.  1a . We will elaborate on this transition of CEs below. It was also evident from the visual inspection that the change in conformation of CE N was effected through the flexibility of oleate chain, whereas the cholesterol moiety maintained a high degree of rigidity. To locate precisely the pivot of CE N bending, we computed the gauche/trans ratio of each dihedral angle in the oleate chain of CE N (supplemental Fig. S2a ). For higher accuracy, we divided the whole trajectory into two parts: (a) frames with CE N in the bent conformation and (b) frames with CE N in the linear conformation. Subsequently, we calculated the average fraction of gauche defects for each dihedral angle present in the oleate chain of CE N in both frames. As a control, we also analyzed the gauche fraction in the dihedrals of the oleate chain of CE C . The dihedral angles in the oleate chain are numbered beginning with the C 1 -C 2 -C 3 -C 4 fragment and ending with the C 15 -C 16 -C 17 -C 18 fragment, as shown in supplemental Fig. S2a . If the dihedral angle falls in the range 120°-240°, it is considered trans, the remainder being gauche (29) . From the plotted distributions of dihedral angles in supplemental Fig. S2b , it is evi-FIGURE 1. Conformational switching of bound CEs in CETP. a, conformation of the CEs in CETP crystal structure. Two bound CEs are named CE N (green) and CE C (red) and shown in a van der Waals representation. CETP is shown in sliced surface mode. b, molecular structure of CE. Two vectors, Ŵ and Ŷ, directed from C 6 to C A and from C 6 to C 18 atoms are defined to measure the oleate angle. c, time evolution of the CE oleate angle from CETP crystal structure simulation (system 1 in supplemental Table S1 ). Results are shown for both CE N (black) and CE C (red). d, a representative linear conformation of the CEs in CETP tunnel at 1 s of simulation time. dent that the dihedral angle III (C 3 -C 4 -C 5 -C 6 ) and dihedral angle V (C 5 -C 6 -C 7 -C 8 ) in the oleate chain of bent CE N prefer the gauche conformation, whereas the same dihedral angles in CE C and linear CE N oleate chains prefer the trans conformation. Hence, the shift in dihedral angles III and V from gauche to trans is responsible for conformational switching of CE N between bent and linear.
Thus, from the gauche fraction of the dihedral angles in the CE N oleate chain, we were able to identify the most flexible region in CE. We specifically found dihedral angle V to exhibit the largest difference in the gauche fraction in the bent CE conformation compared with the linear CE conformation. Further, to determine the extent of bending in CE N , we took C 6 of dihedral angle V as the central node to calculate the angle between the oleate chain and cholesterol ring of CE. The angle was estimated by computing the instantaneous angle assumed by two vectors, Ŵ and Ŷ , drawn on the molecular frames. The vector from C 6 to C A of the cholesterol ring moiety was termed Ŵ , and the one from C 6 to the oleate chain's terminal carbon C 18 was termed Ŷ (Fig. 1b ). The angle between the two vectors, termed the oleate angle, was then computed as follows. In order to understand the frequency of CE conformational switching between the bent and linear conformations, we plotted the computed angle against simulation time, as shown in Fig. 1c . The intermittent switching of CE N between the bent and linear conformations was evident. For example, at 305 ns of simulation time, CE N transformed to an extended conformation that was very similar to CE C . Interestingly, this extended conformation lasted for about 170 ns and again adopted back the bent conformation for about 5 ns. After this brief spell of the bent conformation, CE N reverted to a stable linear conformation for rest of the simulation time, as shown in Fig. 1c .
Although CE N was flexible in switching conformations between bent and linear, CE C remained in the straight conformation. The extended linear conformations, as attained by both CE N and CE C in the CETP hydrophobic tunnel during the later phase of simulation (0.45-1 s), are shown in Fig. 1d .
To strengthen our findings of frequent conformational switching of CE N in the CETP tunnel, we performed a new set of MD simulations on the same CE-bound CETP crystal structure but with a different set of initial velocities of the constituent atoms chosen randomly from a Maxwell-Boltzmann distribution (supplemental Table S1 ). Conformational switching of CE N was again characterized by calculating the bending angle of the CE oleate chain, as discussed above. Interestingly, all of these replica simulations have displayed significant flexibility in CE N conformation despite the stable and linear CE C conformation ( Fig. 2 ). More importantly, CE N interswitches between the bent and linear conformations, very similar to those of the primary system, CETP-CS1. However, the switching time and frequency of CE N varies from system to system due to their different initial conditions. For example, whereas systems 2 and 3 required a prolonged 200 -300-ns simulation time to transform CE N from bent to linear, system 4 does it rather quickly in about 100 ns. The conformational transition of CE N in system 5 is most interesting, where the lipid exhibits a back-and-forth motion between the two conformations during the first 200 ns and then settles to the linear conformation at a longer time. Thus, in solution, the bound CE N in the CETP tunnel interswitches between bent and linear conformations with a particular preference for the linear form.
Normal Mode Analysis Revealed More Frequent Conformational Switching of CE-As Figs. 1 and 2 indicate, the N-terminal CE of CETP has a tendency to shuttle between the bent and linear conformations. However, this transition appears to be somewhat restricted. One of the reasons could be the short Table S1. length and time scales covered under MD simulations. The changes that CETP undergoes in plasma and particularly when bound to lipoprotein would presumably be at much larger scales. To capture such large scale conformational changes, we performed normal mode analysis (NMA) on the CETP structure. NMA is a well tested time-dependent technique that identifies slow, large amplitude motions by investigating the low frequency vibrational modes of a protein described by an elastic network (30) . From the NMA results, we extracted four CETP conformations that exhibited the largest variations from the CETP crystal structure. They were (a) normal mode 1 with CETP in an elongated or stretched conformation having a bending angle of 160°, named CETP-NM1 (bending angle in crystal structure 139°); (b) normal mode 2 with CETP in a curved conformation having a bending angle of 131°, named CETP-NM2; (c) normal mode 3 with the CETP N-terminal ␤-barrel domain torsionally twisted by ϳ15°, named CETP-NM3; and (d) normal mode 4 with both ϳ9°torsionally twisted N-terminal ␤-barrel domain and elongated CETP with a bending angle of 148°, named CETP-NM4. To see the conformational transitions of CEs in these NMA-generated CETP structures, we docked two CEs and two phospholipids (PLs) in each of these four structures and performed MD simulations for 200, 400, 300, and 1000 ns, respectively (supplemental Table S1 ). As Fig. 3 shows, the availability of a larger space in the core of CETP has allowed more frequent interconversion of CE N between bent and linear conformations in these simulations on ANMA-generated structures. This was particularly evident in the CETP-NM4 system, where the bent to linear transition of CE N was more frequent and periodic.
To better quantify the relative occurrences of the bent and linear conformations of CEs, we calculated the probability distributions of the CE oleate angle, P(), over the entire simulation trajectories, and the results are presented in Fig. 4 . As the figure shows, the N-terminal CE in CETP shuttles between two major conformations, bent and linear, in all systems, suggesting that these two conformations can coexist. This is further supported by the simulation results from ANMA-generated CETP structures, particularly from CETP-NM4, which shows an almost equal propensity for the bent and linear conformations. The C-terminal CE, however, retains its native linear structure with a broad range of angle distribution between 120 and 180°i n all systems. To summarize, the linear and bent conformations of CE in CETP coexist in solution. However, there is a particular preference for the linear conformation for both of the CEs in CETP relaxed structures, which might imply that CEs become linear for smooth transfer when CETP attaches to lipoproteins. We will elaborate on this hypothesis below.
Conformational Flexibility of CE Is Assisted by Bending and Twisting Motions of CETP-To investigate the possible reason behind the conformational flexibility of CEs and to see whether there is a correlation between CE conformational flexibility and CETP motions, we examined the distribution of bending and twisting angles in CETP. Fig. 5 shows the angular distributions of CETP from the simulation data. The bending motion was estimated by computing the angle between two vectors, Â and Ĉ . The vector from the center of mass (COM) of the central ␤-sheet to the COM of the N-terminal distal end was termed Â , and the other vector from the COM of the central ␤-sheet to the COM of the C-terminal distal end was termed Ĉ . The angle subtended by these two vectors was computed using the same formula as in Equation 1.
From the angle distribution profile, it is evident that the CETP crystal structure undergoes significant conformational changes and can extend to a more linear conformation with the bending angle as high as 151°and bend to an arch-like conformation with a bending angle of 131°(the crystal structure angle is 139°), whereas relaxed CETP from NMA displayed relatively Table S1 . SEPTEMBER 9, 2016 • VOLUME 291 • NUMBER 37 high degrees of bending with the bending angle as high as 159°a nd bent to an arch-like conformation with a bending angle of 135°. In the same context, we estimated twisting-untwisting motion in CETP via relative rotation of N-terminal and C-terminal ␤-barrel domains with respect to the central ␤-domain. First, we constructed the axis of CETP as the vector connecting the COMs of N and C termini of the central ␤-domain and subsequently defined two planes, P and Q, with respect to the axis of CETP. Plane P is constituted by the axis of CETP and COM of the N-terminal ␤-barrel domain, whereas plane Q is constituted by the axis of CETP and COM of the C-terminal ␤-barrel domain. The twisting angle ( t ) was computed by measuring the angle between the normal vectors n 1 and n 2 of these two planes as shown below. t ϭ cos Ϫ1 ͑n 1 .n 2 /͉n 1 ͉ ͉n 2 ͉͒ (Eq. 2) Fig. 5b shows the probability distribution of the twisting angle of CETP, pertaining to the twisting motions with respect to the crystal and normal mode conformations. The figure depicts a Gaussian distribution with an average torsional twist of ϳ8 -12°in crystal structure simulations and a Ϫ2 to 16°twist in ANMA-generated CETP conformations. The average twisting angle observed in crystal conformations is less compared with the twisting observed in the normal modes, which can be attributed to the simplified harmonic description of the protein in ANMA.
Inherent Dynamics of CETP for Lipid Transfer
The wide distribution of both bending and twisting angles indicates that CETP itself has enough plasticity and had undergone significant conformational changes in solution. To investigate whether these changes can influence the observed conformational switching of CE N , we plotted the time evolution of the bending angle of CETP. As supplemental Fig. S3 shows, although there is no synergy between the motions of CE and CETP, CETP switches its conformation continuously. Moreover, the CETP conformation appeared to be more strained when CE N was in the bent form. Thus, as supplemental Fig. S3 (a and b) indicates, the bending motion in CETP is more rapid, up to 300 -500 ns, until when CE N was undergoing a vigorous backand-forth motion between the bent and linear conformation. After that time when CE N became stabilized in the linear conformation, CETP bending also became less rapid. This was even more evident from the angle evolution of system CETP-CS4, where CETP bending was better stabilized at an earlier time of 250 ns in response to the early stability of CE N to linear conformation (supplemental Fig. S3c ). We further confirmed these findings of CETP influence on CE conformational switching by restraining the motion of CETP in a new test simulation (system 10 in supplemental Table S1 ). As supplemental Fig. S4 indicates, when CETP was restrained, the motions of CEs were completely restricted, with CE N frozen into the original bent conformation. On the other hand, when CEs were kept fixed (system 11 in supplemental Table S1), CETP motion was found to be minimally hampered, as shown in supplemental Fig. S5 . Thus, we conclude that CETP structure has sufficient plasticity, and the inherent dynamics of CETP greatly induces the conformational switching of its substrates, the cholesteryl esters.
CE Switching Enlarges CETP Core Tunnel-Because we observed a great deal of conformational flexibility of CEs within CETP, it was necessary to ascertain whether these frequent conformational changes in CEs affected the stability of secondary structural elements of CETP. Hence, we analyzed the evolution and stability of the whole secondary structural content and of local secondary structural elements of CETP around CE N . We found that, although there were significant conformational changes in CEs in the core of CETP, the protein maintained a stable secondary structure throughout the simulation. The total number of residues that constitute different structural elements of the protein remained unchanged throughout the simulation time, suggesting no significant disruption of the CETP secondary elements (supplemental Fig. S6a ). More specifically, the local secondary structural elements around CE N , the central ␤-sheet (constituted by residues 11-16, 227-231, 261-266, and 456 -461), helix A (residues 26 -31), C-terminal region of helix B (residues 186 -206), part of the N-terminal ␤-barrel twisted sheet (constituted by residues 81-86, 124 -130, and 135-139), and the C-terminal region of helix BЈ (residues 432-441) were completely stable during the entire course of a 1-s simulation in the primary system (supplemental Fig. S6b ). Analysis of secondary structure was performed by the GROMACS utility program do_dssp, which assigns secondary structure by analyzing the hydrogen bonding pattern between the protein residues.
As mentioned previously, the substrate-bound CETP crystal structure was seen to possess a hydrophobic tunnel of length 60 Å and volume 2560 Å 3 occupied by the two CEs and two dio- leoylphosphatidylcholine molecules (23) . The observed conformational flexibility of CEs and the inherent plasticity of CETP have impelled us to examine the plausible changes in the CETP hydrophobic tunnel. Hence, we examined the evolution of the CETP core tunnel across the 1-s simulation run in the primary CETP system. Very interestingly, as Fig. 6 shows, the CETP tunnel significantly elongates from the crystal conformation and stabilized to an extended length of ϳ95 Å during the final 500-ns simulation time when CE N was linear. This finding is consistent with the recent EM structure of CETP bound to HDL and LDL, which suggested a more continuous hydrophobic tunnel, compared with the shorter 60-Å central cavity observed in the CETP crystal structure (21) . We speculate that the constricted tunnel found in the CETP crystal structure is a consequence of the crystal packing effects, as was also observed in the crystal structures of other proteins (e.g. HIV-1 protease) (31) . Thus, it appears that the otherwise flexible CE was trapped in a bent conformation in the crystal that corresponds to a strongly packed complex of CE N and CETP (further discussed below). In our simulations, as the CETP-CE complex was provided a higher temperature (310 K versus 100 K in crystal) and also the solution phase, the system relaxed to an energetically more favorable conformation, with CE N turning to linear. The computed energy difference between the average structure of linear CE-bound CETP and the crystal conformation is Ϫ6.53 kcal/mol (⌬E linear_CE ϭ Ϫ85.74 Ϯ 1.2 kcal/mol; ⌬E crystal ϭ Ϫ79.21 kcal/mol). The small difference in energetics is again suggestive of their coexistence in solution.
To have a clearer visualization of the CETP core tunnel, we extracted all CETP conformations with tunnel length Ն95 Å from the final 500-ns simulation data. The average conformation of CETP from this ensemble of structures is presented in Fig. 7a . The continuous tunnel traversing from the N-to C-terminal end of CETP is evident from this figure. In contrast, the 60-Å tunnel in the crystal conformation is confined at the central domain of the protein (Fig. 7b ). We have also quantified the radius across the tunnel length and computed the total tunnel volume. The existence of a finite radius across the tunnel confirms that the protein indeed creates a continuous tunnel traversing from the N-to C-terminal end (Fig. 7c ). The tunnel volume of the ensemble-averaged structure was 3536 Å 3 , and the radius was 1.4 -2.1 Å wider than the crystal conformation. For comparison, we have also done the same analysis on the simulation trajectory of the CETP-NM4 system, and the results are included in Fig. 7c . A more elongated and continuous tunnel traversing up to the C-terminal edge is consistent with the more relaxed nature of this conformation of CETP. In parallel, to check the effect of CE linearization on tunnel length, we measured the CETP tunnel in a new simulation system (system 12 in supplemental Table S1), where CE N was restrained in the bent conformation. As supplemental Fig. S7 shows, the CETP tunnel remained constricted to 65 Å, suggesting that the conforma- tional switching of CE greatly assists the formation of a continuous tunnel across CETP. Taken together, it appears that the inherent plasticity in CETP structure and the induced linearization of bound CEs produce a long continuous tunnel spanning from the N-to C-terminal ends of CETP, which could facilitate the transfer of lipids between lipoproteins. The associated large scale conformational changes in CETP and CE can happen in solution phase and, more prominently, when CETP encounters the lipoproteins, an environment that we attempted to create here by performing normal mode analysis on CETP.
Linear CE Loses Contacts with CETP but Gains New Contacts with a Second CE-To underscore the possible reason why CE N was trapped in the bent conformation in crystal, we analyzed the interactions of bent CE N with CETP tunnel lining residues and compared that with the interactions of linear CE N . The results are shown in Fig. 8 . Unsurprisingly, both bent and linear CE N conformations have many common hydrophobic interactions with CETP residues (e.g. Ile-11 and Cys-13 in strand S1; Val-30 and Ile-31 in helix A; Ile-82 and Val-84 in strand S4; Ile-125 and Leu-129 in strand S5; Val-136 and Thr-138 in strand S6; Ile-187, , Ala-202, and Leu-206 in helix B; Ile-215 in strand S7; His-232 in strand S8; Phe-263 and Phe-265 in strand S1Ј; Met-433 and Val-438 in helix BЈ; Leu-457 in strand S8Ј). Apart from the CETP residues, CE C and N-terminal phospholipid also maintained similar interactions with both forms of CE N . However, CE N in the linear conformation had lost interactions with other tunnel residues of CETP (e.g. Ile-15 in strand S1; Leu-23 and Thr-27 in helix A; Ile-86 in strand S4; Thr-127 in strand S5; Ile-205 in helix B; Leu-228 and Ser-230 in strand S8; Leu-261 in strand S1Ј; Phe-441 and Ile-443 in strand S7Ј; Met-459 and Phe-461 in strand S8Ј) but gained new hydrophobic contacts with residues Ala-34 in helix A; Met-194 in helix B; Leu-217 in strand S7; Phe-270 in helix AЈ; Lys-436 in helix BЈ; Phe-471 and Leu-472 in helix X; and the C-terminal phospholipid, PL-2 (Fig. 8, compare  a and b) . Thus, there was a net loss of five residue-level contacts due to the linearization of bent CE N , which made 36 residuelevel contacts in the crystal, accounting for a net loss of 14% residue-level contacts of linear CE relative to the bent form. In terms of site-site contacts, this loss appears to be even more prominent. A net loss of 20 distinct site-site contacts was observed due to the conformational transition of bent CE to the linear form (Fig. 8c ). Site-site contacts were counted by imposing a distance criterion of 5 Å between a pair of protein and CE N atoms. These findings strengthen our inference of crystal packing effects in the solved crystal structure, because the CE N experiences a greater packing (larger contacts) with CETP residues in the bent form. In our simulations, as the CETP-CE complex was provided a higher temperature (310 K versus 100 K in crystal) and also the solution phase, the system relaxed to a thermodynamically more favorable conformation, with CE N turning to linear.
The other noteworthy feature of Fig. 8c is that despite the significant changes in CE N , CE C maintained very similar contacts with CETP tunnel residues throughout the simulation. More importantly, the oleate chain of CE N tended to form a new set of hydrophobic contacts with the acyl chain of CE C to compensate for its loss of contacts with CETP tunnel residues. Thus, the initial number of 2-10 site-site contacts of CE N with CE C was increased to 10 -20 due to the extended linear CE N conformation. From these results, we are tempted to speculate that the reduced contacts of linear CE N with CETP and its increased contacts with CE C reduce the friction of CEs with the CETP tunnel and facilitate the transfer of these neutral lipids through a continuous CETP tunnel. Thus, our MD simulation result could successfully produce the "open state" of CETP, as was speculated by Ren and co-workers (21) from their recent cryo-EM study on the lipid transfer mechanism of CETP.
Straightening of CE Is Boosted by Free Energy Gain-Thus far, we have seen that CETP-bound CE switches conformation from bent to linear, and this process is assisted by the inherent dynamics of CETP and favorable contacts of its tunnel residues. To assess the energetic contribution of individual CETP residues on conformational switching of CE N , we performed a Gibbs free energy calculation and decomposed the total Gibbs energy into residue level. A set of 10,000 frames between 200 and 300 ns, when CE N was in the bent conformation, and another set of 10,000 frames between 600 and 700 ns, when CE N was in linear conformation, were analyzed. Subsequently, free energy gain due to CE conformational change from bent to linear (⌬⌬G linear-bent ) was calculated for each CETP residue, and the results are presented in Fig. 9 . Free energy contributions are shown only for those CETP residues that pass the free energy difference cut-off of Ϯ0.5 kcal/mol. As Fig. 9 shows, bent CE N has stronger binding affinity for the central ␤ domain residues (Arg-14, Met-260, Leu-261, Phe-441, and Phe-461) and the N-terminal phospholipid, PL N . On the other hand, CE N in the linear conformation has greater binding strength with the central ␤ domain residues Ile-11, Phe-265, and Phe-270; helix BЈ residue Met-433; helix B residue Ile-205; strand S7 residue Gly-212; strand S8 residue His-235; C-terminal residue Ser-476; and the lipids present in the C-terminal hydrophobic pocket, CE C and PL C . This free energy result fits very well with contact analysis data, because most of the strongly interacting CETP residues (e.g. Ile-11, Ile-205, Leu-261, Phe-265, Phe-270, Met-433, Phe-441, and Phe-461) were also found to make contacts with bent or/and linear CE N (compare Figs. 8 and 9 ). As mentioned above, residues Ile-11, Phe- 265, and Met-433 make contacts with both forms of CE N . However, the free energy of binding of these residues with linear CE N is much stronger than with the bent form. Moreover, Phe-270, Gly-212, His-235, Ser-476, etc. engage in specific interactions with linear CE N that are energetically highly favorable. Although the interactions of Arg-14, Met-260, Leu-261, Phe-441, and Phe-461 tend to favor the bent form of CE N , there is a net gain of Ϫ5.55 kcal/mol (Ϫ85.74 Ϯ 1.2 kcal/mol for linear CE versus Ϫ80.19 Ϯ 1.3 kcal/mol for bent CE) for linear CE in the CETP tunnel when in solution.
Interestingly, a subset of our identified residues with significant affinity for linear CE N has recently been reported to be crucial for CE/TG transfer through CETP and CETP stability (23) . For example, the mutant M433W exhibited a nearly 2-fold decline in CE transfer activity and a 5-fold decline in TG transfer activity in the site-specific mutagenesis studies (23) . Similarly, the mutants F265R and F270R were characterized to be responsible for misfolding and subsequent failure in CETP secretion (23) . The deletion of Ser-476 from CETP C-terminal had completely abolished the protein's neutral lipid transfer activity (32) . In other words, these reports have pointed out that residues Met-433, Phe-265, Phe-270, and Ser-476 in native CETP maintain the structural integrity and functional activity of the protein. Now, because the functional activity of CETP is the transfer of CE/TG and none of the mutational studies have traced any of our identified CETP residues interacting with the bent form of CE for activity ( Fig. 9) , it is conceivable that CE remains in the linear conformation in functional CETP, whereas the specific CETP residues (e.g. the green-colored residues in Fig. 9 ) provide a favorable environment.
Conclusions-Understanding the mechanism of lipid transfer by CETP has received tremendous attention due to its crucial role in maintaining the levels of HDL and LDL. Although the CE-bound CETP crystal structure provided much useful structural information, understanding a dynamic process, such as the transfer of lipids through CETP, remains elusive. In this study, we employed microsecond-long atomistic MD simulations and normal mode analysis to explore the dynamics of CETP and its bound substrates, which provided very important clues about the lipid transfer activity of CETP. Our results suggested unique structural plasticity in the CETP structure, consisting of bending-unbending and twisting motions along its long axis. This inherent dynamics of CETP greatly induces the conformational switching of CEs, which transform to a linear conformation from their bent structure in crystal. We speculate that the bent CE and constricted tunnel found in the CETP crystal structure are the consequence of crystal packing effects, as was also observed in the crystal structures of other proteins (e.g. HIV-1 protease) (31) . In our simulations, as the CETP-CE complex was provided a higher temperature (310 K versus 100 K in crystal) and also the solution phase, the system relaxed to a thermodynamically stable conformation, with bound CEs switching to linear. As a consequence of the inherent plasticity of CETP and the induced linearization of bound CEs, a long continuous tunnel spanning from N-to C-terminal ends of CETP is produced, which can facilitate the transfer of lipids between lipoproteins. Thus, our MD simulation results could successfully produce the "open state" of CETP, as was speculated by Ren and co-workers (21) from their recent EM study on the lipid transfer mechanism of CETP.
When this work was in progress, Ren and co-workers (25) reported the transfer pathway of CE through CETP by MD simulation studies. To detect the pathway in a reasonable time, the authors applied an external force to pull a linear CE molecule through a hollow CETP tunnel. Very similar to this study, our results also show the twisting motions in CETP and the FIGURE 7 . Elongation of the CETP core tunnel during simulations. a, tunnel in the extended CETP structure; b, tunnel in the crystal structure. CETP is shown in a schematic representation, and the tunnel is shown in blue surface mode. c, CETP tunnel radius as a function of tunnel length. Results are shown for CETP in crystal structure (red), CETP in extended conformation from crystal structure simulation (blue), and CETP in extended conformation from simulation of NMA-derived CETP structure (green). Simulation structures are ensemble-averaged over at least 1000 extended conformations of CETP.
formation of a continuous tunnel between the two distal ends of CETP. Moreover, the CETP tunnel lining residues that we found to make favorable interactions with CE (e.g. residues Ile-205, Phe-263, Phe-265, and Met-433) were noted by these authors to facilitate the CE transfer. However, the tunnel length from our CETP crystal structure simulation was found to be shorter by about 15 Å than that in the report by Ren and coworkers (95 Å versus 110 Å), which explicitly included the lipoprotein mimics at both ends of CETP to model the HDL-CETP-LDL ternary complex. Our implicit inclusion of lipoprotein effects by simulating the relaxed CETP generated from NMA, however, produced a continuous core tunnel as lengthy as the aforementioned report. In addition, our study's major focus on the inherent dynamics of CETP shows that, apart from the twisting motion, CETP also undergoes significant bending-unbending that could produce sufficient driving force "within" to induce conformational switching in bound CE and consequently a continuous tunnel across CETP. Although this tunnel could become more prominent when CETP senses the lipopro-teins, it can exist in the free form of the protein due to its structural plasticity in solution.
Materials and Methods
A molecular dynamics simulation of the primary CETP system was started from the recently solved x-ray crystal structure of CETP (Protein Data Bank entry 2OBD). The missing residues in the N-terminal region of the crystal structure (Ala-1, Ser-2, Lys-3, and Gly-4) were included using MODELLER9 version 13 (33) . Subsequently, the mutations induced in CETP to promote the crystallization (viz. C1A, N88D, C131A, N240D, and N341D) were back-mutated. The charge state of CETP was chosen at pH 7.4 to mimic the physiological conditions. The GROMOS53A6 force field (34) for the protein and Berger lipid parameters (35) for CETP bound lipids were used. Hydrogens for heavy atoms were added by the pdb2gmx module in the GROMACS-4.5.5 simulation package. The protonation states of histidines were determined by the local hydrogen bonding network using the WHAT IF web server (36). The system was subsequently energy-minimized for 2000 steps using the conjugate gradient algorithm and another 2000 steps using the steepest descent algorithm. The structure was solvated using explicit water in a cubic periodic box with water molecules extending 10 Å outside the protein on all sides. Water molecules were described using a simple point charge water model. The system was solvated using 131,251 water molecules, and a salt concentration of 0.15 M was maintained by adding 371 Na ϩ and 363 Cl Ϫ counterions. The system was energy-minimized again and then heated up gradually to reach a temperature of 310 K using a V-rescale thermostat with a coupling constant of 0.1 ps (37). The solvent density was adjusted under isobaric and isothermal conditions at 1 bar and 310 K. A Parrinello-Rahman barostat with isotropic pressure coupling and a coupling constant of 0.1 ps was used to set the pressure at 1 bar (38). The system was equilibrated for 10 ns in the NPT ensemble with a simulation time step of 2 fs. Finally, the production run was carried out for 1000 ns in the NPT ensemble for the primary system (system CETP-CS1 in supplemental Table S1 ). The long range electrostatic interactions were treated using particlemesh Ewald sum with a cut-off of 1.0 nm (39) . The van der Waals interactions were terminated beyond the cut-off value of 1.0 nm. The LINCS algorithm was used to constrain all bonds involving hydrogen atoms (40) . All simulations were performed using the GROMACS-4.5.5 simulation program (41) .
The molecular dynamics simulations of CETP crystal structure essentially describe the conformational changes in CETP that occur at short length and time scales. However, the changes that CETP undergoes in plasma and particularly when bound to lipoprotein would be at much larger scales. To capture such large scale conformational changes, we performed NMA on the CETP structure obtained from crystal. NMA is a well tested technique that identifies slow, large amplitude motions by investigating the low frequency vibrational modes of a protein described by an elastic network (30) . The anisotropic network model web server, ANM 2.0, was used to perform the NMA (42, 43) . In the elastic model of CETP, the maximum interaction range between the C ␣ atoms (nodes) was set at 15 Å. First the four lowest frequency vibrational modes were picked from NMA, which presumably represent the most relaxed/ functionally relevant conformations of CETP as it exists in plasma or when bound to lipoproteins. These four relaxed or functionally relevant CETP conformations were designated CETP-NM1, CETP-NM2, CETP-NM3, and CETP-NM4. Subsequently, to explore the dynamics, the four lipids (two CEs and two PLs) were docked at the requisite locations of the CETP tunnel, and the complex was subjected to long molecular dynamics simulations following the same protocol as described for the primary system. Supplemental Table S1 lists all of the systems studied. Overall, a total of 5.9 s of atomistic simulation was carried out in this work.
The Caver version 3.0 tool kit was used to identify and characterize the pockets and tunnels in CETP (44) . Various conformations of CETP after removing the lipids were given as inputs for tunnel analysis. The probe radius was set to the default of 3 Å to construct the molecular surface of the pocket or tunnel. PyMOL was used to generate all structural figures (45) . The LIGPLOT tool was used to map all protein-lipid interactions (46) .
Free Energy Calculations-The free energy calculations were performed on the molecular dynamics trajectories using the molecular mechanics Poisson Boltzmann surface area method (47) . The GROMACS utility program g_mmpbsa was employed to estimate the free energies (48) . Generally, the binding free energy for a ligand bound protein in solvent is estimated as follows, where G complex , G protein , and G ligand are the free energies of the protein-ligand complex, free protein, and free ligand, respectively, in solvent.
The average free energy for each individual component in the above equation is defined as follows,
where TS is the contribution of entropy to the system's free energy at temperature T in vacuum, and ͗E MM ͘ is the vacuum potential energy, which includes bonded and non-bonded interaction energies and can be expressed as follows.
͗G S ͘ is the solvation free energy and is expressed as follows,
where G nonpolar and G polar represent the contribution of nonpolar and polar solvation energy.
Subsequently, the binding energy for each individual residue (⌬G r ) was decomposed as follows,
where G j complex and G j free are the energies of the jth atom from the r residue in complex and free forms, respectively, and n is the total number of atoms in the residue. The vacuum, solute, and solvent dielectric constants were set at 1, 2, and 80, respectively. Bootstrap analysis was performed to obtain S.E. values.
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